Abstract. We present lightcurves, shapes, and a 3D convex spin-axis model for the main-belt asteroid (2501) Lohja. The models were obtained with the lightcurve inversion process using combined dense photometric data from the apparitions between years 2006 and 2017. The analysis found a sidereal period of 3.80835 hours, and a possible ecliptic pole solution (J2000.0), the prograde sense of rotation and main ratios of the ellipsoidal model.
Introduction
The shape and spin axis orientation of an asteroid can be determined if a sufficient number of lightcurve data are available. For main-belt objects, data from many years (even decades), may be required to get an accurate picture, assuming that supplementary data from radar, adaptive optics, and/or occultations are not available. Distribution of pole coordinates can provide information about history in the asteroid belt and allows us to hypothesize about the changes of the rotation rates of minor planets due to thermal YORP effect.
The lightcurve database consists of the lightcurve parameters (i.e., periods and amplitudes) of more than 13 300 minor planets (see Warner et al. (2009) for more information about the asteroid lightcurve database), but spin vectors and shape models have only been determined for 940 of them 1 . Magnusson et al. (1989) provided a review of all techniques used in order to obtain poles and shapes of asteroids. One approach to obtain this information is to study the brightness variation of asteroids as they spin about their axes. We have used the robust method, the so-called lightcurve inversion described by and . Asteroid (2501) Lohja was selected for long-term observations to obtain its precise sidereal rotational periods, the ecliptic coordinates of the rotational axis, the sense of rotation, and the convex 3D shape model. For this asteroid the estimation of the sidereal period, pole coordinates, and the 3D shape model was made for the first time.
Photometry
Asteroid (2501) Lohja was discovered on April 14, 1942, by the Finnish astronomer Liisi Oterma and it is named after the town in southern Finland. The asteroid is located in the main belt (a = 2.42 au, e = 0.19, i = 3.31
• ), classified as an A spectral type with the diameter of about 11 km, absolute magnitude 12.2 mag, and albedo 0.17 (values taken from the ALCDEF database 2 ). The first photometric observations of (2501) Lohja were obtained by Higgins et al. (2006) . Asteroid Lohja was considered to be a potentially binary system, or tumbler. Four years later more observations were made to test a duality of the system by Higgins et al. (2011) . They proved there was no satellite and also refined the synodic rotational period to 3.8086 h.
The photometric observations of (2501) Lohja were performed at the Skalnaté Pleso Observatory (MPC code 056) using the 0.61-m f /4.3 reflecting telescope and a CCD SBIG ST-10XME camera. Observations were done in the standard Johnson-Cousins R band on every scheduled observing night. We obtained CCD frames 3 × 3 binning and resolution of 1.6 arcsec/px, later 2 × 2 binning and resolution of 1.07 arcsec/px. We applied the calibration with dark and flatfield frames in the standard way. Next, we used a differential aperture photometry technique to obtain lightcurves. They were used as an input to inversion routines. The source code for these is available on the DAMIT (Database of Asteroid Models from Inversion Techniques) web page.
Results
Our first observation of (2501) Lohja was achieved on the last day of October 2007. Due to bad atmospheric conditions the photometric run was short. In October 2011 suitable observational conditions for the Skalnaté Pleso Observatory occurred. The lightcurves from 5 nights covered the period published by Higgins et al. (2011) , obtaining a 3.8082 ± 0.0003 h and an amplitude of 0.35 mag (Fig. 1) . In the next year we observed (2501) Lohja in 3 nights and its rotational period was established at 3.8089 ± 0.0001 h and an amplitude of 0.37 mag (Fig. 2) . And at the beginning of the year 2013 another observations were made in 5 nights and the rotational period of 3.8084 ± 0.0001 h and an amplitude of 0.41 mag were found (Fig. 3) . With this package of data we performed a preliminary first shape model of Lohja presented by Husárik (2014) . In 2017 there was another apparition of Lohja, and we got 7 high-quality dense photometric lightcurves (see Fig. 4 and corresponding data in Table 1 ). For a more precise and unambiguous model we used in our analysis another photometric data from years 2006 and 2010 available in the ALCDEF database (for more information about the photometric database see Warner (2016) ) to get a wider interval of L P AB and a better viewing geometry.
The first six columns of Table 1 give the aspect data for each observing run: the mid-time of observation, heliocentric and geocentric distances, corresponding Sun-object-Earth phase angles, ecliptic coordinates of the bisector of the phase angle, data on the number of points in individual lightcurves, the total time span of the observing run, and the name of the observer or observatory. Table 1 .: Aspect data of (2501) Lohja. In the last column there are listed names of the observers (see Acknowledgments) and the acronym SPO for the Skalnaté Pleso Observatory. Figure 5 . A plot of χ 2 vs period. the dashed line represents a value of about 10% greater than the lowest χ 2 value. One point with the lowest χ 2 is the period value of 3.808 352 92 hours.
We performed an asteroid modelling with the lightcurve inversion method described by and . The method allows us to determine the sidereal period and pole solutions and recover a detailed convex 3D shape model. The model can reproduce almost all lightcurve details. The sidereal period was estimated and fixed at the value of 3.808 352 92 hours (Fig. 5) . Next, the finding of the north pole coordinates was computed. Fig. 6 shows two possible locations of the north pole, but according Figure 6 . χ 2 residuals between the synthetic and observed lightcurves of the asteroid Lohja for spin-vector coordinates covering the entire celestial sphere. The black region represents the pole location with the lowest χ 2 , which increases as the color goes from dark grey to light grey and, finally, to white. • apart. This solution is for pole determination at (117
to an analysis of the source data the most possible position of the ecliptic longitude λ p (J2000.0) and latitude β p (J2000.0) is at (117
. The second mirror pole solution is the fact that the uncertainty cannot be removed for asteroids with orbits close to the ecliptic plane. From that it follows that the sense of rotation of asteroid Lohja is prograde. The 3D shape model has the ratios at a/b = 1.22 and b/c = 1.10.
The corresponding 3D shape model is presented in Fig. 7 . To present how the model reproduces the observations, we display eight examples of observing runs in Fig. 8 . Figure 8 . Comparison of observed data (points) and modelled brightness (the dashed curve) for eight representative lightcurves of (2501) Lohja. The plots cover one rotation cycle, the brightness is given in relative intensity units.
Conclusion
We conducted detailed, long-term photometric observations of the asteroid Lohja and found synodic periods and lightcurve amplitudes at seven apparitions. We used these results to find an estimate for the ecliptic longitude and latitude of the spin axis (north pole) for that asteroid. Remote sensing techniques (ground-based observations) are the main source of information about the basic physical properties of asteroids such as the size, the spin state, or the spectral type. Time-resolved photometry is the most widely used method to provide data that are used to find spin states, asteroid satellites, and shapes. In the past sixteen years, asteroid lightcurve inversion has led to more than 1 700 asteroid models. The number of asteroid models derived from lightcurves and other sources by inversion techniques is continuously growing, so we expect an increase of the number of models in the next few years with the dawn of all-sky surveys.
